Spatial updating is the means by which we keep track of the locations of objects in space even as we move. Four decades of research have shown that humans and non-human primates can take the amplitude and direction of intervening movements into account, including saccades (both head-fixed and head-free), pursuit, whole-body rotations and translations. At the neuronal level, spatial updating is thought to be maintained by receptive field locations that shift with changes in gaze and evidence for such shifts have been shown in several cortical areas. These regions receive information about the intervening movement from several sources including motor efference copies when a voluntary movement is made and vestibular/somatosensory signals when the body is in motion. Many of these updating signals arise from brainstem regions that monitor our ongoing movements and subsequently transmit this information to the cortex via pathways that likely include the thalamus. Several issues of debate include (1) the relative contribution of extra-retinal sensory and efference copy signals to spatial updating, (2) the source of an updating signal for real life, three-dimensional motion that cannot arise from brain areas encoding only two-dimensional commands, and (3) the reference frames used by the brain to integrate updating signals from various sources. This review highlights the relevant spatial updating studies and provides a summary of the field today. We find that spatial constancy is maintained by a highly evolved neural mechanism that keeps track of our movements, transmits this information to relevant brain regions, and then uses this information to change the way in which single neurons respond. In this way, we are able to keep track of relevant objects in the outside world and interact with them in meaningful ways.
Introduction
The world beyond our body is comprised of objects that are moving and objects that are stationary. The majority fall in the latter category, including the chairs, tables and walls that occupy the space around us. But we as humans are constantly moving, and this motion causes the visual representation of these stationary objects to move across our retinas. And yet, despite this almost constant motion, we seem extremely well able to interact with objects in our environment, picking up cups and pens with great accuracy. Our ability to do this depends on maintaining spatial constancy. That is, we can keep track of the location of objects in the environment even as we move. Without this ability, we would misperceive that objects shift with us every time we move, resulting in a world that is constantly in motion and leaving us virtually helpless if we desire to interact with it. This spatial constancy, in turn, depends on the neural computations that underlie spatial updating, a process that is critical for the day-to-day tasks and the survival of all animals.
Definition
The term updating refers to the re-examination of a set of conditions after an event or a number of events have taken place. So, if a system has a known set of conditions at time 1, and one wishes to know the set of conditions of this same system at some later time (1+n), then one requires two pieces of information in order to update correctly: (1) the initial set of conditions of the system at time 1, and (2) information about any intervening event(s) that took place in the interim.
A familiar, everyday example of such a phenomenon is the process of updating a checkbook ( figure 1A ). If we know that last week we had €100 in our bank account (initial condition) and we would like to know how much money is currently available, we must take into consideration any credits or debits that have occurred in the intervening time period (intervening events). If, for example, a check was deposited in the amount of €400, then by combining these two pieces of information (i.e., the original balance and the credit), we can determine that there are now €500 in the account (updated condition). Here, a non-spatial entity has been updated in which the final value accurately represents the current conditions and so appropriate future (financial) decisions can be made based on this new information.
Similarly, one can also update spatial information like the location of a visual target in space (figure 1B). For example, if a person is fixating a central target and a peripheral target is briefly flashed at a location 15° to the right, then that target causes a retinal error of 15° (distance from the fovea to the loci of retinal stimulation). Executing an accurate saccade to that remembered target location is trivial. The retinal error caused by the target simply needs to be minimized to zero, as is always the case when one wishes to foveate an object in space, and thus the eyes must simply move 15° to the right (i.e., motor error = retinal error). However, what would happen if in between the time the target is flashed and the eye movement to the remembered location of the target, the subject makes a 10° movement to the left? Then a direct transformation of the original retinal error into an equivalent motor error is no longer valid. Instead, the subject must combine information about the original retinal error of the flashed target (initial condition) and the amplitude and direction of the intervening movement (intervening events) in order to determine that the flashed target is now located 25° to the right and thus necessitates a 25° eye movement (updated condition).
As with many other topics, spatial updating has been loosely defined and has thus taken on a variety of meanings. Here, we define spatial updating as the process by which a retinal signal (i.e., retinal error caused by an external object) is combined with extra-retinal information about the amplitude and direction of an intervening movement in order to produce a suitable motor error that directs the animal to the correct spatial location of an object. This process thus maintains spatial constancy (i.e., provides a continuous representation of visual space). Note that neither one of these two building blocks alone -either determining the object's retinal error or determining the size of the intervening movement -is sufficient for this definition of spatial updating. Without intervening movements a motor error equivalent to the initial retinal error would suffice. On the other hand, information regarding intervening movements alone, without a retinal error to remap, simply shows how accurately we estimate the amplitude and direction of the these movements and not about how we use that information to determine the space-fixed location of a target. Therefore, the brain must not only determine these two independent factors, but must also combine them appropriately in order for spatial updating to take place.
Although this review focuses on spatial updating for the purpose of accurate motor control, it is important to note that several recent human studies have found accurate updating for perceptual tasks. For example, it has been shown that motion signals can be integrated after an intervening saccade as long as the motion signals are presented either in the same retinal location or the same spatial position before and after the eye movement (Melcher and Morrone 2003) . In addition, transsaccadic integration studies have shown that individual visual targets presented across several saccades can be successfully integrated to form a more complex representation (Hayhoe et al. 1991) , and that both visual orientation and spatial location information can be accurately retained and integrated across saccadic eye movements (Prime et al. 2006) . Whereas these examples also represent important manifestations of spatial updating, here we focus on spatial updating for motor control (i.e., for the purpose of interacting with the environment)
Spatial Updating for Saccadic Eye Movements
The first studies on spatial updating were conducted by Lightstone (1976a, 1976b) in which they designed the now classic double-step saccade task (figure 2). Here, subjects fixate a central target while two peripheral targets are briefly flashed in sequence (T1 followed by T2). The subject's task is to first make a saccade to the first target (T1) and then make a second saccade to the second target (T2). As in the target localization example above, the saccade to the first target is simple since the motor error (ME1) must simply be equivalent to the retinal error caused by T1 (RE1). In contrast, the retinal error caused by T2 is oblique, up and to the right (RE2), however, once the eye is at T1, an equal motor error (i.e., up and to the right) will not bring the eyes to the correct location of T2 (red ME2). Instead, the brain must somehow combine the initial retinal error with the amplitude and direction of the intervening eye movement to T1 (i.e., ME1) and thereby generate an accurate eye movement that is purely vertical in direction (green ME2). Lightstone (1976a, 1976b) found that humans could accurately perform this double-step saccade task and thus they showed that humans could update for horizontal and vertical movements of the eye.
Evidence for spatial updating has also come from neurophysiological studies in non-human primates. Among the first were a series of studies by Sparks, 1980, 1981; Sparks and Mays, 1983; Sparks et al., 1987) in which a monkey fixated a central target while a peripheral target was briefly flashed. The monkey's task was simply to generate an eye movement to the remembered location of the flash, but before they could do so, the experimenters delivered a train of electrical stimulation to various brainstem nuclei that control eye movements, including the superior colliculus (SC), the horizontal burst neurons in the paramedian pontine reticular formation (PPRF) and the trochlear nerve (cranial nerve IV). This stimulation drove the animal's eyes away from the fixation target so that now, in order to generate an accurate saccade to the remembered target location, the animal had to take into account the amplitude and direction of the stimulation-induced eye movement. They found that updating was always accurate if the stimulation was delivered to the SC Sparks, 1980, 1981; Sparks and Mays, 1983) , sometimes accurate when delivered to the PPRF (Mays and Sparks, 1981; Sparks et al., 1987) and never accurate when delivered to the nerve (Mays and Sparks, 1981) . These studies were later supplemented by others with similar paradigms showing that stimulation of the frontal eye fields (FEF) (Schiller and Sandell, 1983 ) and the dorsomedial frontal cortex (Tehovnik and Sommer, 1996) also produced accurate saccades, but that stimulation of the abducens nucleus did not (Schiller and Sandell, 1983) . Thus, the spatial updating signal for eye-only movements may arise from various cortical regions as well as from brainstem areas as close to the final motor output as the burst neurons, but not from the motoneurons or nerves that directly innervate the eye. These findings thus exclude extraocular muscle proprioception (e.g., Wang et al. 2007 ) and leave efference copies as the main source of the updating signal (inadvertently ignoring other potential sources as will be discussed below).
The Neural Basis of Spatial Updating for Saccadic Eye Movements
The neural substrate for spatial updating was first identified by a single-unit recording study examining this phenomenon in posterior parietal cortex area LIP (Duhamel et al., 1992a; reviewed in Colby et al., 1995) . Here, the receptive field of each neuron was first identified by illuminating visual stimuli at various spatial locations. The cell would respond whenever the stimulus was turned on in this particular spatial location ( figure 3A) . In a subsequent set of trials, the monkey looked at a fixation point but nothing was illuminated in its receptive field. Instead, a second fixation point was turned on in the periphery and the monkeys had to make a saccade from the current fixation point to the new one. Importantly, they illuminated a visual stimulus in the cell's future receptive field location while the animal was still looking at the first fixation point. This was possible since they knew what the amplitude and direction of the intervening saccade would be. Thus when the animal moved its eyes to the second fixation point, the receptive field location shifted such that it now encompassed the illuminated stimulus and, as expected, the cell began to fire ( figure 3B ). Interestingly, approximately one third of these cells began to fire even before the saccade had been initiated ( figure 3C ). This predictive updating could only happen if the cell had a priori knowledge of the amplitude and direction of the proceeding eye movement so that it could shift its receptive field before the eye movement took place. This phenomenon may reflect attentional mechanisms that are at work in the parietal cortex and/or a means by which to integrate visual information and maintain spatial constancy across eye movements.
Finally, in the third version of their experiment ( figure 3D ), the monkey fixated on the first fixation point while the experimenters briefly flashed a visual stimulus in the cell's future receptive field location. With the stimulus now extinguished, the animal made an eye movement to the second fixation point, which in turn brought the spatial location of the now extinguished flashed stimulus into the cell's new receptive field location. The question was, would the cell respond? Logically, one would think that it should not, since the visual stimulus was no longer in the cell's receptive field. However, the cell did respond to the memory trace of the stimulus. This could only be possible if the spatial location that was once represented in the receptive field of one cell had been transferred (or remapped) to another cell that now takes over the task of representing that particular spatial location. Such remapping could function as the neural basis of the accurate performance seen in the double step saccade task in which the spatial location of a briefly flashed target is tracked even though it is no longer present and even though intervening eye movements have occurred. Thus, the authors concluded that the brain can "…maintain a continuously accurate representation of visual space.". Since this original study, this type of updating, at the level of single cells, has also been demonstrated in various other cortical areas (see Pathways section) and in the superior colliculus (Walker et al., 1995) .
Spatial Updating during Pursuit Eye Movements
Spatial updating has also been investigated for intervening pursuit eye movements. In these paradigms, subjects are asked to pursue a moving target until a second target is briefly flashed in the periphery. The subject's task is to make a saccade to the remembered, space-fixed location of the flashed target. But note that for a short period of time after the flash, the subject's eyes continue to pursue the moving target, even though it is no longer present. The subject can either make an incorrect eye movement, based on the retinal error of the second target when it was flashed, or the subject can take into account the amplitude and direction of the pursuit eye movement that occurred between the flash and the saccade to the remembered target location. In the first study of this kind, it was found that monkeys were not spatially accurate, generating motor errors equivalent to the retinal errors induced by the flash (McKenzie and Lisberger, 1986) . These results were later repeated with similar results in humans (Gellman and Fletcher, 1992) , and so it initially seemed that spatial updating was not possible for pursuit.
Subsequently, this issue received renewed attention, when it was discovered that monkeys could at least partially update the location of the target, especially when the duration of the flash was increased (Schlag et al., 1990) . Once this was realized, several studies demonstrated accurate updating after intervening pursuit movements both with the head restrained (Baker et al. 2003; Herter and Guitton 1998; Ohtsuka 1994; Zivotofsky et al. 1996) and with the head free to move (Herter and Guitton 1998) . In addition, it was found that humans generated not one, but multiple saccades to the remembered location of a flashed target after pursuit. And while the first saccade was generally in the direction of the retinal error signal, subsequent saccades did compensate for approximately 70% of the intervening pursuit (Blohm et al., 2003) . Furthermore, modeling the observed updating behavior required a gain parameter close to 1 (meaning that 100% of the smooth eye displacement is accounted for), which would result in perfect updating if even more corrective saccades were to be made (Blohm et al., 2006) . The fact that the first saccade could not correctly update, while later saccades could, implied that a time delay must exist before pursuit signals can be used for updating (figure 4). Further analysis indicated that short latency saccades executed <175 ms after the flash were made in the wrong direction, while those executed >175 ms after the flash could use extraretinal information to program accurate saccades (Blohm et al., 2005) . The authors argued that two pathways could account for these observations, a fast, direct striatal-collicular path that only uses retinal information and a slower, indirect striatal-parietal-collicular path that could also process extraretinal information via delayed integration of efferent smooth eye velocity commands (Blohm et al., 2006) . This delay for spatial updating during pursuit agrees with the timing of event-related potentials associated with updating signals in the double-step saccade task (Bellebaum et al., 2005) and with the peak in LIP activity during the single step remapping task (Heiser and Colby 2006) .
Are Efference Copies the Source of the Extra-retinal Signal for Spatial Updating?
For saccades and pursuit, the source of the extra-retinal spatial updating signal is likely a motor efference copy [also known as corollary discharge (Sperry, 1950; Von Holst and Mittlestead, 1950) ]. These signals are copies of voluntary, outgoing motor commands that are generated whenever we make a movement. For example, in order to move one's eyes, one must generate a neural command that is transmitted down to motoneurons in the brainstem that controls the eye muscles. One can simply take a copy of this motor command and use it elsewhere in the brain for a variety of different goals, one of them being spatial updating. The stimulation studies cited above attempted to determine at what level of the saccadic pathway spatial updating efference copies can be derived. They concluded that such copies do not necessarily arise from the cortex, but can also be generated from areas much closer to the final motor output, like the superior colliculus and burst neurons (but not from the motoneurons themselves). In addition, a similar stimulation experiment to those of Mays and Sparks (see above) was conducted after the ophthalmic nerves were cut bilaterally, thereby eliminating any proprioceptive feedback from the eyes themselves. The resultant eye movements, made after electrical microstimulation to the superior colliculus, were still accurate, thus pointing to efference copies as the source of the updating signals (Guthrie et al., 1983) .
The idea of efference copies also finds support in the aforementioned study by Duhamel et al. (1992a) , as LIP neurons showed updating activity even before the eyes had moved to the new target (i.e., neural responses in figure 3C ). Such predictive updating could only be possible if the brain had knowledge about the movement it was about to make before actually making it. And such knowledge could only be available via efference copies of the intended motor command.
The richness and versatility of the extra-retinal signal needed for updating is further elucidated in a study involving active eye-head gaze shifts during a dynamic version of the double-step saccade task (Vliegen et al., 2005) . Here, subjects were instructed to make a gaze shift to a flashed target and, during that movement, a second target was briefly flashed. Once the first gaze shift was completed, they were required to make a second gaze shift to the second target. Since the second target was only visualized midway through the first gaze shift, this study was uniquely able to differentiate between inaccurate predictive updating (which must use motor efference copies available before the movement began) and more precise online updating (that uses feedback signals available only once the movement is in progress). The subjects in this study performed accurately, indicating that the information used for updating was not merely the motor efference prior to the movement, but a command appropriately modified by feedback. This updating ability was preserved in a visual-auditory dynamic double-step paradigm in which an auditory target was the final target to which subjects had to orient (Vliegen et al., 2004) .
Two additional studies have attempted to make similar distinctions using an adaptation paradigm in which the first saccade of a double-step task was adapted by jumping the first target by 25% of the amplitude. Thus a target flashed at 20° became associated with a 15°s accade. Subsequently, the accuracy of the second saccade was monitored to determine if it was accurate (implying that the actual movement amplitude of 15° was used for updating) or inaccurate (implying that the initial 20° target amplitude was used). Preliminary results report that both humans (Tsotsos et al., 2007) and monkeys (Phillips et al., 2007) are able to accurately reach the location of the second target, indicating that information about the movement that was actually executed is used to update the retinal error of the second target. The apparently conflicting results of these studies begin to point to the fact that the brain maybe capable of utilizing signals form a variety of sources, including online mechanisms, for spatial updating and that it does not rely on efference copies alone. This point is strengthened in the following section.
Updating for Self-motion
While versatile efference copies may work as an updating signal for eye movements made with the head and body fixed in space (e.g., saccades and pursuit), our everyday movements typically also involve movements of the head and body. For such movements, the vestibular system, which measures the body's inertial motion, is likely also involved. Specifically, three semicircular canals measure how the body rotates in three-dimensional space (i.e., yaw, pitch and roll), and two otolith organs (the utricle and saccule) measure how the body translates in space and how it is positioned relative to gravity.
One group of spatial updating studies involved active head and/or body movements. First, Medendorp et al. (2002) investigated whether humans can update for torsional movements of the head (i.e., rotation about the naso-occipital axis) (figure 5A). Briefly, subjects first rotated their heads on their body in either a right ear down (clockwise) or a left ear down (counterclockwise) direction. In this torted position, a peripheral target briefly flashed and subjects had to remember its space-fixed location. Once extinguished, the subjects brought their heads back to an upright orientation, at which time they attempted to foveate the remembered location of the space-fixed target. The subjects performed this task relatively well and thus it was shown that humans can update for torsional movements of the head. Subsequently, a similar study found that subjects are also quite accurate at updating after intervening lateral translational motion (i.e., side-to-side movements) (Medendorp et al., 2003) . These results were also extended to pointing movements (Admiraal et al. 2004; Medendorp et al. 1999; Van Pelt and Medendorp 2007) .
These active studies could not detect which signals -vestibular or efference copy -were used as the source of the updating information because both are present during self-generated movements. Thus, to uncover if sensory (i.e., vestibular) signals can also provide the information used for updating during whole-body movements, passive movements would be particularly revealing. To this end, a number of updating experiments were conducted in which the intervening movements were passive in nature. This was possible with the use of specialized motion platforms that could either rotate or translate the subjects in space. Here, the subjects did not generate any movement on their own (in fact the amplitude and direction of the motion was randomly chosen in every trial), and thus no motor efference copies were available for spatial updating. Subjects should perform poorly in these passive updating tasks if motor efference copies are the only source of the updating signals. On the other hand, subjects should perform well if other sensory signals, like those arising from the vestibular system, are also available for maintaining spatial constancy.
An initial group of experiments examined updating after intervening yaw rotations (Blouin et al., 1995a (Blouin et al., , 1995b (Blouin et al., , 1998 . They found poor updating ability which was later determined not to be due to an underestimation of the yaw rotation itself, but rather due to an inability to integrate signals from various modalities (e.g., retinal signals about target location and vestibular signals about body motion) (Blouin et al. 1995c ). In fact, many experiments consistently report accurately perceived amplitudes of rotations (Bloomberg et al., 1988 (Bloomberg et al., , 1991 Blouin et al., 1995c; Israël et al., 1995; Glasauer and Brandt, 2007) and translations (Israël et al., 1993 (Israël et al., , 1997 Berthoz et al., 1995; Siegler et al., 2000) . Furthermore, Bresciani et al. (2002) found that subjects could compensate for their body rotation online by changing their arm position as they moved, implying that vestibular signals can be processed during the movement. But subjects were less accurate when pointing after the yaw movement was completed. Thus they concluded that while the brain is quite capable of monitoring ongoing whole-body movements, it might not be as good at using these monitoring signals to update internal representations of visual space for pointing.
A subsequent experiment involving intervening passive rotations about the torsional, roll axis of the head showed that, despite inter-trial variability, on average subjects are able to localize remembered, space-fixed targets quite well (Klier et al., 2005) . Plots of direction errors as a function of actual body tilt indicated an average slope across subjects of 0.07, indicated good updating ability (a slope of 0 represents perfect updating, while a slope of 1 represents no updating) (figure 5B).
Notably, the fact that humans can update for torsional movements (Medendorp et al., 2002; Klier et al., 2005) highlights the underlying complexity of spatial updating. While some researchers believe that updating for horizontal and vertical motion simply involves "subtraction" of the intervening eye movement vector (figure 2 -ME1) from the retinal error vector of the remembered target (figure 2 -RE2), updating for torsion cannot be explained by such a simple mechanism. This is because a single, unique vector cannot represent this difference across all visual space when motion occurs around the line of sight (Medendorp et al., 2002) . To illustrate this further, a study examined if spatial updating is still accurate after two non-commutative rotations (Klier et al., 2007 ). Here, subjects ended up in different final orientations relative to the remembered space-fixed target depending on the sequence of the two rotations (Tweed and Vilis, 1987) , such that they were required to generate different saccades in order to correctly reach the target. Most subjects could update quite well, indicating that the brain can also take the complexities of non-commutativity into account.
These studies show that even in the absence of motor efference copies, subjects can still update relatively well for roll using only sensory cues. To further probe whether static (i.e., gravitational) or dynamic (i.e., motion) cues are critical for updating, the passive, torsional updating experiment (Klier et al., 2005) was repeated with the subjects supine rather than upright. In the supine condition, roll rotations about the same naso-occipital axis only cause dynamic changes that are detected by the semicircular canals, while the gravity vector now remains fixed (relative to the head) throughout the rotation. The results showed a ten-fold decrease in the subjects' abilities to update. Plots of directional errors versus body tilt now indicated an average slope of 0.70 (Klier et al., 2005 ) (figure 5C), which implicates static, gravity-related cues as being critical for whole-body spatial updating. Note that gravity information in this task can arise from either the otolith organs or proprioceptive/ somatosensory cues, which could not be dissociated in these human experiments (but see below).
However, this influence of gravity did not generalize to yaw rotations. Here, updating after passive yaw rotations was examined at various body tilt positions where the gravity vector during the rotation changed along a continuum (upright -gravity vector most static; supinegravity vector most dynamic) (Klier et al., 2006 ) (figure 6A). First, as summarized earlier, yaw updating was not as good as updating for roll (average updating ratio of 0.71 for yaw versus 0.92 for roll; where a value of 1 indicates perfect updating). Second, updating ability did not depend on tilt angle (e.g., figure 6B compares yaw updating in upright versus supine conditions). Thus, while gravity cues seem to play an important role in updating when passive motion occurs about an axis that typically moves the body relative to gravity (i.e., roll), these same cues do not seem to matter when motion occurs about an axis that does not (i.e., yaw). Thus, in summary, for whole-body rotations, updating performance seems to be dependent on both the axis of rotation and the ability of each axis to integrate the available updating signals. Passive updating maybe better for roll than yaw because the roll axis can better utilize gravitational cues. In contrast, yaw rotations may rely more heavily on efference copies available during active movements.
Finally, spatial updating is also possible after passive translational motion in three-dimensional space (i.e., lateral, vertical and fore-aft translations) (Klier et al., 2008) . Spatial updating for translations is more complex than updating for rotations because translations change both the direction and the distance of an object from the observer. In addition, translational updating for targets in depth requires changes in the relative positions of the two eyes, therefore updating accuracy was measured by ocular vergence during fore-aft motion trials. Although the results showed considerable intra-and inter-subject variability, subjects could update quite well for rightward, leftward, upward, forward and backward passive translations, with slightly poorer performance for downward movements. Again, this updating could not have been accomplished via motor efference copy cues as the motion was passive.
Similar conclusions have also been reached in non-human primates. Rhesus monkeys can spatially update for yaw rotations (Baker et al., 2003; as well as for lateral and fore-aft translations. As with humans, these animals also show considerable variability in their responses. Interestingly, these experiments were taken a step further by bilaterally labyrinthectomizing the animals and quantifying updating abilities after vestibular loss Wei et al., 2006) . Immediately after the lesion, the animals' updating abilities were significantly compromised for both rotations and translations (figure 7). However, while updating ability slowly improved over time to near normal levels for yaw rotations and lateral translations, there was no improvement for fore-aft motion, even after four months (Wei et al., 2006) . Thus, vestibular signals may play a more important role for updating movements that require a vergence response (i.e., fore-aft motion) than for those that require a version response.
In all these passive movement experiments, the subjects were always fixating a central target during the motion. This is necessary so that the rotational/translational VOR is turned off during the movement. If the VOR were to be active, then the retinal error of the flashed target would remain in a fixed position relative to the fovea, and no updating would be required at the end of the movement (i.e., a motor error equivalent to the retinal error could be used to accurately reach the target). Since the VOR must be cancelled during these spatial updating experiments, a feedback signal proportional to the cancelled VOR eye movement may be available for updating. Note that although this feedback signal is also a type of efference copy, it is different from the motor efference copies discussed above as it is only present during the movement itself and can therefore not be used for predictive updating.
Taken together with the previous section, both sensory cues and motor signals can be used for spatial updating when they are available. Likely the brain has become optimized to use a variety of different signal types to maintain spatial constancy, and which cues it uses probably depends on the availability and reliability of the individual cues (Ernst and Banks, 2002) . For example, in the roll updating experiments that were performed both actively (Medendorp et al., 2002) and passively (Klier et al., 2005) , subjects' performances were slightly better when the task was active. This improvement maybe due to the availability of neck proprioception signals that have been shown to improve updating ability after intervening whole-body rotations (Mergner et al., 1998) .
Pathways
Although all possible sensory and motor sources of updating signals have not yet been examined, it is becoming obvious that many originate in the brainstem, like vestibular signals and efference copies from the superior colliculus and oculomotor burst neurons. But evidence for neurons that perform spatial updating lies mainly in cortical areas including LIP (Duhamel et al., 1992a; Kusunoki and Goldberg, 2003; Heiser and Colby, 2006) , FEF (Goldberg and Bruce, 1990; Goldberg, 1997, 2001 ) and even in early visual areas like V2 and V3 (Nakamura and Colby, 2002; Merriam et al., 2007) . fMRI studies, comparing BOLD activity during the double-step saccade task with activity during visually guided saccades, implicate a parieto-frontal cortical network in spatial updating that includes area LIP, precuneus, insula, inferior frontal gyrus and anterior cingulum (Tobler and Müri, 2001) . A similar study using triple-step saccades showed that the right intraparietal sulcus and parts of the frontal and supplementary eye fields are vital for spatial updating (Heide et al., 2001 ).
Cortical areas have also been implicated in spatial updating based on inactivation and patient studies. When area LIP was inactivated in monkeys, the accuracy of the second saccade was adversely affected when the first saccade was directed into the contralateral visual field (Li and Andersen, 2001 ). Similar results have also been reported in humans with lesions in parietal cortex (Duhamel et al., 1992b; Heide et al., 1995) . In addition, transcranial magnetic stimulation has been used to disrupt posterior parietal cortex processing at various times during a double-step saccade task, leading to mislocalizations of the updated targets (Van Donkelaar and Müri, 2001) . Thus a plethora of evidence indicates that updating occurs in the cortex. But if the signals used for updating originate in the brainstem, then how do these signals travel from the brainstem to the cortex?
A thalamic pathway for spatial updating was first suggested by Schlag-Rey and Schlag (1989) . They proposed the intralaminar nuclei as a possible transmission site since (1) its neurons have a firing rate that is related to the position of the target in space, (2) it receives inputs from brainstem areas associated with eye movements like the superior colliculus, and (3) it projects to frontal and parietal cortices where updating has been observed. Furthermore, the intralaminar nuclei and surrounding areas (collectively known as the oculomotor thalamus) have delay-period activity (Wyder et al., 2003 (Wyder et al., , 2004 , which may carry information regarding the amplitude and direction of the intervening movement.
In a series of elegant experiments, Sommer and Wurtz (2002 , 2004a , 2004b , 2006 investigated the role of the medial-dorsal (MD) thalamus in transmitting motor efference copies for saccades from the SC to the FEF. Using orthodromic and antidromic stimulation, they localized cells in MD that both receive projections from the SC and project to the FEF. They found that the SC transmits visual, delay and presaccadic activity to MD and FEF in a topographical manner, but that only the presaccadic activity is used for updating (Sommer and Wurtz, 2004a ) ( figure 8A ). Then they went on to show that if one knows the spatial and temporal properties of the updating signal, one can easily predict the changes in visual processing in the FEF whenever a saccade is made (Sommer and Wurtz, 2006) . Importantly, inactivation of MD by muscimol caused modest, yet significant deficits in the accuracy of the second saccade in the classic double-step saccade task, whenever the first saccade was directed into the contralateral visual field. Rather than being perfectly accurate, the animals' saccades now had an accuracy of approximately 80% (Sommer and Wurtz, 2002 ) (figure 8B). Specifically, errors in the endpoint of the second saccade were due to (1) judgement errors about the amplitude of the first saccade and (2) an inability to detect variations in the amplitude of the first saccade across trials. Thus inactivation of MD led to deficits in both the accuracy and precision of the updating signal (Sommer and Wurtz, 2004b) . Finally, these injections were also shown to negatively affect the spatiotemporal properties of visual processing in FEF neurons that received projections from MD (Sommer and Wurtz, 2006) . These results in monkeys are consistent with reported spatial updating deficits in patients with thalamic lesions (Gaymard et al., 1994; Versino et al., 2000; Bellebaum et al., 2006) .
Despite the importance of these findings, of all the muscimol inactivations performed, the average deficits observed were only in the order of about 19% Wurtz, 2002, 2004b) . The authors speculated that perhaps they only inactivated a small region of MD, or that the monkeys began to compensate for their deficit using proprioceptive cues, or that additional updating pathways may also exist. This latter point is important because implicating the SC as the sole source of the updating signal is problematic for a number of reasons. First, as shown above, updating can occur for passive movements and not solely for active movements. Since the SC is part of the motor pathway for saccades, it could only provide the updating signal for active, self-generated movements. Second, the motor map of the SC has been shown to be two-dimensional in nature (Van Opstal, 1991; Klier et al., 2002) . Thus it only outputs the horizontal and vertical components of the desired motor output. But the eyes move in three-dimensions, and since it has been shown that updating also occurs for torsion (Medendorp et al., 2003; Klier et al., 2005) , the source of these torsional signals cannot be the SC. Thus, while the SC-MD-FEF pathway may constitute one pathway, updating signals likely arise from many sources, both motor and sensory, both two-dimensional and threedimensional.
In some updating paradigms, changes in gaze cause the representation of the remembered target location to shift form one hemisphere to the other (i.e., a target flashed 10° in the right hemifield will be represented in the left hemisphere until a 20° rightward movement causes its representation to be shifted into the left hemisphere). Since visual representations are extremely lateralized (Trevarthen 1990) , then a pathway for inter-hemispheric transfer of updating signals may exist via the forebrain commissures (i.e., the corpus callosum and anterior commisure).
These structures serve as the main connection between the left and right cerebral hemispheres. Colby and colleagues have examined the transmission of such updating signals in animals trained on two versions of the double-step saccade task: one in which updating occurs entirely within one hemifield (i.e., the intervening eye movement to the first target maintains the location of the second target in the same hemifield in which it was originally seen), and one in which the representation of the target to be updated jumps from one hemifield to the other (i.e., the intervening eye movement to the first target causes the location of the second target to be moved into the opposite hemifield) ( figure 9A ). Behaviorally, they found extremely poor updating performance in across-hemifield updating after the forebrain commissures were severed ( figure 9B ). But remarkably, although these strong connections between hemispheres were destroyed, the animals regained most of their ability to perform accurate double-step saccades ( figure 9C ). Perhaps even more surprising was the fact that LIP neurons, which typically show updating activity in the intact animal (figure 3), continued to show visual remapping after the inter-hemispheric connections were damaged (although remapping activity in across-hemispheric updating was weaker then within-hemispheric updating) Berman et al., 2007) . Therefore, while cortico-cortical connections play some role in spatial updating, other subcortico-cortical pathways must also be involved and likely compensate for any damage that may occur at the level of the cortex.
Again, these cortico-cortical circuits cannot explain torsional updating since torsional signals are only added on to the motor command after the SC (Klier et al., 2003) . Also, updating can occur for passive rotations and translations, which occur via sensory cues derived from brainstem regions like the vestibular nuclei. Thus alternative pathways must still be identified. For example, anatomical studies show that the vestibular nuclei project to the intralaminar nuclei of the thalamus (Lang et al., 1979; Klier et al., 2004) , and neurophysiological studies have found rotational and translational vestibular signals in thalamic regions more lateral to MD (e.g., ventral posterior and ventral lateral nuclei) (Meng et al., 2007) . Further experiments must be carried out to determine if these regions are involved in visuospatial updating.
Theoretical Models of Spatial Updating
The mathematical computations that underlie spatial updating have also been described. As can be observed in figure 2, the correct updated motor error to T2 in a double-step saccade task could theoretically be computed by subtracting the motor error to T1 from the retinal error caused by T2 (i.e., green ME2 = RE2 -ME1). This formula is called vector subtraction and modeling it requires information pertaining to (1) the eye-centered representation of the visual target and (2) the metrics of the intervening movement. Paradoxically, vector subtraction has been recently modeled using gain fields (i.e., neural responses that are modulated by eye position; [Zipser and Andersen 1988] ), a concept that is typically used for implementing nonlinear (e.g., multiplicative) operations (Pouget and Sejnowski, 1997) . It has been argued that a multiplicative gain field mechanism can perform the neural equivalent of vector subtraction, and that the output of these cells is equivalent to the eye-centered amplitude of the saccade to the updated target (Cassanello and Ferrera, 2007a,b) . This vector-subtraction-by-gain field model requires that the eye position inputs are inversely correlated with retinal position sensitivity (i.e., cells with central receptive fields are weakly modulated by eye position, while cells with peripheral receptive fields are strongly modulated by eye position). These authors went on to show that cells in FEF support these findings at both the single-unit and population levels.
However, updating using vector subtraction across many saccades leads to predicted errors that are not observed in humans (Smith and Crawford, 2001 ). In addition, vector subtraction models are not geometrically correct because rotations are non-commutative. So in non-linear, three-dimensional geometry, the vector coding scheme gets into trouble and now the use of gain fields is crucial in order to achieve reference frame transformations. And it is the nonlinear aspect that requires the use of gain-fields (Salinas and Abbott, 1995; Pouget and Sejnowski, 1997) .
A neural network model, using two-dimensional retinal error but three-dimensional eye position and three-dimensional motor error as inputs, learned to update accurately in threedimensions (Keith and Crawford, 2008; Keith et al., 2007a) . In this model, hidden layer units were found that fell along a continuum between units that implemented linear vector subtraction and units that implemented the eye-position dependent, non-linear aspects of spatial updating. Moreover, the temporal aspects of updating on topographic maps (like the SC and FEF) were found to depend on the nature of the efference copy (Keith et al., 2007b) . A twodimensional, spatially coded motor error command produced scattered activity that was reconstructed at the right location at the end of the intervening movement, whereas threedimensional, temporally coded eye velocity signals produced a suppressed hill of activity that moved across the map toward its updated location. Ultimately, a combination of these signals best matched the observed single-unit data to date.
In another study, a neural network was programmed to generate saccades both with (i.e., spacefixed targets) and without (i.e., gaze-fixed targets) spatial updating (White and Snyder, 2004) . Unlike the extremely accurate updating performance observed with intervening saccadic eye movements, the model performed more poorly when the intervening motion was a slow phase movement (i.e., pursuit or whole-body rotation). Interestingly, accuracy was improved when using velocity, rather than position, signals for updating. Gain fields were seldomly observed and only present when position signals were used for updating. The behavior of these hidden units was found to be similar to that of LIP neurons (White and Snyder, 2007) .
In summary, existing models generally predict many features of experimental results. Although many of them utilize similar principles, a controversy remains as to whether linear vector subtraction approximations or non-linear, three-dimensional computations are implemented by neural populations for the maintenance of spatial constancy.
Reference Frames
Early behavioral evidence suggested that spatial constancy is partially maintained by a central representation of visual space in an allocentric (i.e., world-centered) reference frame (Dassonville et al., 1995; Karn et al., 1997; reviewed in Burgess 2006) . However, as summarized above, subsequent single unit recording experiments (e.g., figure 3 ), pointed toward a retinotopic (i.e., eye-centered) reference frame for spatial updating (Batista et al., 1999; Kusunoki and Goldberg, 2003; Heiser and Colby, 2006; reviewed in Colby et al., 1995) . This is because the receptive fields in area LIP shift the area of space to which they respond in the same direction and by the same amplitude as the associated eye movements. Thus, spatial constancy could be maintained without creating an explicit map of the world in either body-, space-or object-centered reference frames. Notably, the gain fields described in the previous section have been implicated in forming head-centered target representations by combining retinal information with eye position signals (Zipser and Andersen 1988) . To this end, some studies have demonstrated the existence of eye and head position signals in areas LIP and 7a that could at least theoretically produce body-centered and world-centered reference frames, respectively (Brotchie et al., 1995; Snyder et al., 1998) . Yet, at present, a worldcentered reference frame has never been explicitly demonstrated in the activity of single neurons. In fact, several researchers now believe that that the brain likely utilizes multiple reference frames simultaneously, each suited to solve a specific task (Andersen et al. 1997; Boussaoud and Bremmer, 1999; Colby, 1998) . This is partly because neural networks often use implicit codes that are not confined to any particular frame (Avilac et al., 2005; Pouget and Sejnowski, 1997) . Notably, different cell responses (e.g., visual vs. motor) and methodologies (e.g., single-unit vs. stimulation) often point to different frames of reference (Blohm et al. 2006; Salinas and Abbott 1995) .
Interestingly, unlike single unit results, human fMRI experiments more clearly point to eyecentered representations for spatial updating. In a series of fMRI experiments, subjects were trained on a modified version of the double-step saccade task (Medendorp et al., 2003) ( figure  10 ). Subjects fixated a central target and were then showed two peripheral targets in sequence (green circle then red circle). The task was to make a first saccade to the red target and then a second saccade to the green target. As in the split-brain experiments, some trials kept both targets in one visual hemifield (RR and LL), while in other trials the intervening eye movement to the red target caused the location of the green target to jump from one hemifield to the other (RL and LR). fMRI activity was observed in an area of posterior parietal cortex that is thought to be the human equivalent of monkey area LIP. In the delay period after both targets were presented but before any saccade was made, a buildup of activity was seen in the hemifield contralateral to the targets' locations (e.g., left hemisphere activation when the targets were presented in the right hemifield). If the first saccade left the second target in the same hemifield, then activity remained in the same hemisphere (green and red traces). However, if the first saccade caused the second target to switch from one hemifield to the other, then the BOLD response also shifted to the opposite hemisphere (black and blue traces). This imaging experiment, which demonstrates spatial constancy for motor control, and a similar one showing spatial constancy for visual perceptions (Merriam et al. 2003) , both highlight the gazedependent behavior of spatial updating in humans.
But if gravity and inertial cues play a role in updating (Klier et al., 2005) , is it not possible that other allocentric reference frames are also used? This idea was tested (Van Pelt et al., 2005) by exploiting two psychophysical phenomena -the A-effect and the E-effect -in which subjects misestimate the gravity vector when placed in different static roll positions ( figure  11A ). In the former, subjects misestimate the gravity vector in the direction of their body tilt when they are tilted >60° (Aubert, 1861; Kaptein and Van Gisbergen, 2004) . In the latter, subjects misestimate the gravity vector in the direction opposite to their body tilt when they are tilted <30° (Howard, 1982) . In this experiment, subjects were first roll-tilted to one initial position and then a peripheral target briefly flashed and the subjects were required to remember the location of the flash. Next, subjects were rotated by a particular roll angle, say 120° (either clockwise or counterclockwise) to a different final roll tilt position. However, while the rotation amplitude was held constant, the initial and final static roll positions differed. For example, subjects may have started at 60° left ear down and rotated 120° clockwise to a position 60°r ight ear down, or they may have started from upright (0°) and rotated 120° clockwise to a position 120° right ear down ( figure 11B ). At the final orientation, the subjects had to make a saccade to the remembered flash location. They discovered that subjects made errors in accuracy that reflected the A-and E-effects, which in turn depend on their final orientation relative to gravity (figure 11C). Thus gravity had a strong effect on their updating abilities, pointing to another potential reference frame based on an allocentric variable (i.e., gravity). This finding is supported by studies that demonstrate an effect of gravito-inertial forces on spatial localization (Klier et al., 2005; Prieur et al., 2005) .
Conclusions
Spatial updating, the neural process underlying spatial constancy, is truly a complex and intriguing phenomenon. It combines retinal error signals with a variety of sensory and motor commands that describe the amplitude and direction of movements that occur between the time we see an object and when we decide to generate an action toward it. These intervening movements not only include eye movements such as saccades and pursuit, but also rotations of the head as well as whole-body rotations and translations. Rotational movements can be updated for all three directions of rotation -yaw, pitch and roll -and translational movements can be updated for all three directions of translations -fore/aft, lateral and vertical (although the degree to which updating occurs may vary across directions and sometimes shows large variability). Even the non-commutativity of rotations is taken into account in the computations that generate the final updated motor command. Recent studies have begun to delineate the pathways responsible for the transmission of certain updating signal and others have identified potential reference frames used for spatial updating. Delineating the means by which we maintain a stable representation of the outside world is important not only for spatial constancy, but also more generally for determining how incoming sensory information is processed into appropriate outgoing motor commands that control behavior.
Future Directions
While an impressive amount of work has been conducted on spatial updating over the last 15 years, many more issues remain to be addressed. First, while behavioral updating studies have looked at a variety of intervening eye movements including saccades, pursuit and VOR suppression, single-unit studies have focused solely on saccadic eye movements (except Powell and Goldberg, 1997) . If we are to explain why updating is found is so many cortical and subcortical areas, the repertoire of single-unit studies must be expanded not only into different eye movement types, but also to include updating for whole-body rotations/translations and head-free movements. Perhaps some brain regions specialize in fast eye movements (i.e., saccades), while others are dedicated to updating for slow eye movements (i.e., pursuit/VOR). Some areas may exhibit predictive remapping while others may not, and some may show updating for perception across eye movements while others concern themselves with motorrelated tasks.
Second, because the real world provides us with a plethora of cues whenever we move (i.e., visual, vestibular, auditory, somatosensory, etc.) , it is necessary to understand how these multimodal cues are integrated to provide a coherent measure of the metrics of our intervening movements. Is each modality updated independently and then combined with measures from other modalities, or is information from the individual modalities first combined into a single measure of the motion parameters? This questions is especially interesting when considering how information from different modalities, which are coded in different reference frames, are properly combined.
Third, the pathways carrying updating signals from various sources to the brain regions that exhibit updating must be characterized. The deficits caused by eliminating the pathways examined to date have either been small (e.g., inactivation of MD in the SC-MD-FEF pathway) or surmountable via alternate pathways (e.g., anterior commisure decussation). And no studies have yet addressed the paths traveled by brainstem vestibular signals or other three-dimensional position/velocity commands to the cortex. All these issues remain to be addressed and quantified in future studies. Updating examples. A. Non-spatial example of updating a checkbook. An initial amount of €100 is updated to a value of €500 after a deposit of €400. B. Spatial example of updating the location of a visual target. A target initially seen 15° to the right, is updated to a location 25°t o the right after an intervening eye movement of 10° to the left. Spatial updating in a classic double-step saccade paradigm. When fixating a target (•), the retinal errors (RE1, RE2) caused by two other targets (T1, T2) are the same in both the no updating (A) and updating (B) conditions. A. Without updating, the movement to the first target (ME1) is made based on RE1, and the movement to the second target (red ME2) is made based on RE2. This leads to a mislocalization of T2. B. With proper updating, the movement to the first target (ME1) is based on RE1, but the movement to the second target (green ME2) is based both on RE2 and ME1. Taking the amplitude and direction of the first movement (ME1) into account leads to the correct localization of T2. Updating of saccades to targets presented during pursuit. The first saccade to a visual target flashed during pursuit is inaccurate if generated with short latency, but becomes increasingly accurate with longer duration latencies. Second, third and fourth saccades are generally accurate. A compensation index of 1 indicates perfect updating. Modified with permission from Blohm et al., 1xxx. Updating for roll rotations. A. A subject in a static roll position is shown a briefly flashed target (•), and is then rotated to an upright orientations. If the motor error to the location of the remembered target is based only on the retinal error caused by the target (red ME = RE), then the target is mislocalized. If the motor error is based on both the retinal error (RE) and the amplitude and direction of the intervening roll rotation (i.e., 45° clockwise), then the target is correctly localized (green ME). B. When subjects are rolled about the naso-occipital axis from an upright orientation, saccades to remembered target locations are accurate, independent of the body tilt. The average slope across subjects was 0.07. Best fit slopes for each subject are indicated by a dashed line. A slope of 0 indicates perfect updating, while a slope of 1 (solid line) indicates no updating. Replotted with permission from Klier et al., 1995 . C. When subjects are rolled about the naso-occipital axis in a supine orientation, saccades are much less accurate. The average slope across subjects was 0.70. Dashed lines and solid lines as in B. Replotted with permission from Klier et al., 1995 . Updating for passive, body-fixed, yaw rotations at various pitch angles. A. As the pitch angle increases (from left to right), the gravity cue available for updating increases. In the upright orientation, the gravity vector remains constant during yaw rotation, while in the supine condition, the gravity vector changes maximally during yaw rotation. Solid lines on head indicate axis of rotation. B. Updating ability was equally good, for all subjects (different symbols), in both the upright and supine orientations. A value of 1 indicates perfect updating, while a value of 0 indicates no updating. Modified and replotted with permission from Klier et al., 2006 . Updating before and after labyrinthine lesions. Updating ability is evaluated, for two animals, by an updating index (1 indicates perfect updating; 0 indicates no updating) before (time = 0) and up to 16 weeks after lesions of the labyrinths. A. Updating performance for yaw rotations. The SC-MD-FEF pathway for updating signals. A. Recording studies delineate a pathway for updating signals from the SC to the FEF via the MD thalamus. Of the three signal types received by the FEF through this pathway, the visual burst arrives too late to be utilized for spatial updating, the delay period activity is too small to account for spatial updating, but the saccadic burst activity is appropriate for spatial updating. Replotted with permission from Sommer and Wurtz, 2004a . B. Inactivation of area MD leads to horizontal mislocalization of the second target in a double-step saccade task. Replotted with permission from Sommer and Wurtz, 2002 . Updating after split-brain experiments. A. Two versions of the double-step saccade task. In both versions, a monkey fixates on FP and two targets (T1, T2) are briefly flashed in the right visual hemifield. Thus both targets are represented in the left hemisphere. Green square: An eye movement to T1, causes the representation of T2 to remain in left hemisphere. Red square: An eye movement to T1, causes T2 to shift into the right hemisphere. B. After the forebrain commissure is severed, monkeys have difficulty localizing T2 when its representation crosses form one hemisphere to the other (red stippling). C. After some time, the monkeys recover their cross-hemisphere updating ability (red stippling). Replotted with permission from Berman et al., 2005 . Eye-centered reference frame revealed by fMRI. A subject fixates the origin while two targets are briefly flashed (before 1 st saccade column). The final goal (green target) is flashed first, followed by the first fixation point (red target). The subject first makes a saccade to the red target (after 1 st saccade column) and subsequently makes a saccade to the green target (not shown). In some conditions, the representation of the final goal (green target) is kept in the same hemisphere (e.g., goal stays in right hemisphere in the green RR condition and goal stays in the left hemisphere in the red LL condition). In other conditions, the saccade to the first fixation point (red target) causes the final goal (green target) to switch its location from one hemisphere to the other (e.g., from right to left in black RL condition and from left to right in blue LR condition). B. Activity that stays in the right hemisphere is shown by the green trace (RR condition), while activity in the left hemisphere is shown by the red trace (LL condition). Activity can be seen jumping from one hemisphere to the other with the black (RL) and blue (LR) conditions. For example, in the left PPC, the black trace follows the green trace during Allocentric reference frame depends on gravity cues. A. Subjects show errors in perceiving the orientations of vertical lines in space depending on their tilted roll angle. With small body tilts, subjects misperceive the orientations of vertical lines in a direction opposite to that of their body tilt (E-effect). With larger body tilts, subjects misperceive the orientations of vertical lines in the same direction as their body tilt (A-effect). Replotted with permission from Van Pelt et al., 2005 . B. Subjects were rotated by a fixed roll angle (e.g., 120°) from different initial orientations (e.g., option 1 = 60° counterclockwise; option 2 = 0°) to different final orientations (e.g., option 1 = 60° clockwise; option 2 = 120° clockwise). C. Updating ability more closely follows the predictions of an allocentric model (dashed red unity slope) that was based on the
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